The recently discovered unidirectional spin Hall magnetoresistance (USMR) [1] [2] [3] is very interesting from both scientific and engineering perspectives. In a bilayer structure consisting of a ferromagnetic (FM) layer and a non-magnetic (NM) heavy metal layer, the USMR originates from interactions between the spins at the interface generated by the spin Hall effect (SHE) in the NM and spin conduction channels in the FM; its strength is proportional to the projection of the magnetization in the FM along the direction of spin polarization at the FM/NM interface. From an engineering perspective, the USMR is particularly interesting since it possesses a unique symmetry that is sensitive to 180-degree magnetization changes. In the spin-orbit torque (SOT) switching geometry, an FM layer can be switched by applying a current through the spin Hall channel 4 . However, for reading the state of the FM, a full magnetic tunneling junction (MTJ) structure has to be built, and an additional terminal needs to be added to the device 4 . Using the USMR effect, such switching devices no longer require an additional MTJ structure and an extra terminal for reading.
Despite these advantages, the USMR demonstrated so far is still too small to be practical. In a FM/NM system, the amplitude of the USMR peaks at the NM thickness of about a few times of spin diffusion length 1, 5 and is ultimately limited by the spin Hall angle of the NM, which characterizes the capability of converting a charge current into a transverse spin current.
Topological insulators (TIs) are a class of materials whose bulk is ideally electrically insulating while the surfaces are conductive [6] [7] [8] [9] . Electrons on the surfaces of a TI are naturally spinpolarized due to "spin-momentum locking" (SML). In order to reflect the fact that the spin generation relies partially on the topological surface states, the term unidirectional spin Hall and Rashba−Edelstein magnetoresistance (USRMR) is used in systems involving TIs 10 . Thanks to the TI's high efficiency in converting surface and bulk charge currents into spins even at room temperature 11, 12 , it is natural to expect that the USRMR in FM/TI systems may be much larger than the USMR in FM/NM structures. Indeed, recent measurements of Bi2Se3/CoFeB demonstrate this expectation 10 . However, the metallic FM layer in such structures shunts most of the current injected, and thereby makes the current flowing in the TI low and fails to generate significant spin accumulation at the interface. In this work, we take one step further to investigate the USRMR behavior of a magnetic insulator (MI)/TI system that consists of an yttrium iron garnet (Y3Fe5O12, YIG)/Bi2Se3 (BS) bi-layered structure. Our work presents the first observation of the room-temperature USRMR in the MI/TI system. At 150 K, we observe a record amplitude of the USRMR per current density per total resistance, about 5 times larger than that in the metallic CoFeB/Bi2Se3 system 10 and an order of magnitude larger than the highest values reported in all-metal Ta/Co bilayers 1 . Notably, this is a large effect even in nonideal TI films (Bi2Se3) with both bulk and surface conduction.
On the other hand, extensive studies have explored the paths to achieve current-induced magnetization switching with TIs in a variety of materials combinations: TI/FM bilayers 13, 14 , TI/ferrimagnet bilayers 15 , magnetic TI/TI bilayers 16 and NM/perpendicular MI bilayers 17 . More excitingly, in this paper, we also demonstrate current-induced magnetization switching in TI/MI bilayers, aided by an Oersted field, and electrical read out by the USRMR, as a prototype memory device. This also could be a first step to implement spin switch concept that was proposed based on topological insulator material 18 .
The phenomenon of the USRMR in a YIG/BS bilayer is sketched in Fig. 1 . In the presence of a charge current, j, in the BS layer, spins are generated at the YIG/BS interface due to the SML as well as spin-orbit coupling (SOC) in the bulk. The magnetic proximity effect of the YIG induces ferromagnetism at the YIG/TI interface 19 magnetic field applied along y direction, By. The R2ω does not change significantly further up to 3 T once the magnetization of YIG is switched around a few mT. This is an indication that the R2ω signal observed is unlikely the unidirectional magnetoresistance (UMR) which was recently discovered in magnetic TI/TI bilayer systems, since UMR decreases significantly at high field due to a decrease of the magnon population 20 . Note that during the measurements, R2ω is read from the Y-channel of the LIA at a frequency of 2ω. Due to the nature of the harmonic measurement scheme and LIA, the reading is in fact -1/2 of the actual resistance change that would have been observed directly with a DC current. In other words, R2ω<0 and R2ω>0 represent higher and lower resistances, respectively, under a forward current bias (j>0). 3φ component, while with Bext=3 T the data exhibits almost no angle dependence. We first obtain 2ω H,∆T by fitting the angle dependent data, allowing us to extract the amplitudes of the φ and 3φ components. The FL SOT contribution can then be easily determined and separated. This leaves the contributions of ANE/SSE and DL SOT. We plot the data corresponding to these contributions versus the reciprocal of total field, as shown in Fig. 3c . In this figure, Bdemag-Bani is the demagnetization field minus the perpendicular anisotropic field of the MI layer, which is about 176 mT 22 . Since the effect of the DL SOT will diminish at infinite field, the intercept of the fitted line is the contribution of ANE/SSE to the 2 nd order Hall resistance. Then, the contribution of ANE/SSE to the longitudinal resistance R2ω, 2ω
∆T , is obtained by scaling that from the Hall resistance, 2ω H,∆T , with a factor of device's aspect ratio.
Finally, the USRMR is determined once the ANE/SSE contribution is subtracted from the total R2ω signal.
Figures 3d and 3e show the R2ω, 2ω
∆T and 2ω USRMR of the YIG/BS(6) sample and YIG/BS (8) sample, respectively, at various temperatures. The current densities used are 1.0607 MA cm ∆T is only a small portion of the total measured R2ω, except for at 300 K. Since temperature affects the chemical potential, the carrier concentration, and the relative contributions to transport from surface and bulk conduction in the TI, the charge-spin conversion of the TI is strongly temperature dependent. On the other hand, the magnetic behavior of the YIG, especially the effective damping, is also strongly temperature dependent. As a result, the USRMR is heavily temperature dependent. Both YIG/BS(6) and YIG/BS(8) samples show largest USRMR at 150 K and much less USRMR at 70 K and 300 K. This 'low-high-low' temperature profile of USRMR could originate from the competition between TI's charge-spin conversion and YIG's spin relaxation; the TI generates more spins at decreased temperature 23, 24 while the YIG relaxes spin accumulation more severely at low temperatures 25, 26 . Another observation is that at lower temperatures, both YIG/BS(6) and YIG/BS(8) samples show very little thermoelectric effects and the USRMR contributes to the most of the total R2ω signal. While at 300 K, the thermoelectric effect is still weak in the YIG/BS(6) sample but becomes much more prominent in the YIG/BS (8) sample. This is possibly due to the 8 QL BS layer having larger resistivity and generating more heat than the 6 QL BS layer at high temperatures. The large USRMR we observed in YIG/BS system should shed light on a new category of material system that is potentially an attractive platform for practical two-terminal SOT switching devices that can be read out by USRMR.
Methods
The YIG films were grown on GGG(111) substrates by RF magnetron sputtering at room temperature and then in-situ annealed at 800 °C for 2 hours under the oxygen pressure of 1 Torr, with a heating rate of 10 °C/min and a cooling rate of 2 °C/min.
After exposure to air, the YIG films were then transferred to an EPI 620 MBE for the Bi- The thin film stacks were then fabricated with a standard photolithography process followed by an ion milling etching step to define the Hall bars. Then, a second photolithography process
and an e-beam evaporation followed by a liftoff step were performed to make electrode contacts.
The devices were tested in a Quantum Design PPMS which provides temperature control, current. Then the mean and standard deviation of reading samples are used for plots.
